INTRODUCTION
Nearly 100 years ago yellow fever virus was confirmed to be transmitted by mosquitoes (128) . Shortly thereafter, leafhoppers were established as the vector of rice dwarf virus (145) , although leafhopper transmission had been reported as early as 1895 (see reference 44 for details). In the following decades, numerous arthropod vectors of plant and animal viruses were identified (33) . Today over 500 animal viruses are classified as arboviruses, i.e., viruses able to replicate in a blood-feeding arthropod and to infect a vertebrate host whenever the arthropod feeds on that host (109) . Additionally, numerous vertebrate-infecting viruses are transmitted by arthropod vectors but do not replicate in the vector (23) . Finally, there are many hundreds of plant viruses (18) , most of which are dependent upon a vector for transmission between and inoculation into plant hosts. Plant-infecting viruses have evolved many interesting and biologically complex associations with their vectors, which include arthropods, nematodes, and fungi. The arthropod-plant virus associations are the focus of this review, but analogies and comparisons with animal-infecting viruses are discussed where possible.
Fifty years ago, relatively few arboviruses were known (33) . Most did not infect humans, and many had evolved a stable, unobtrusive relationship with both their arthropod and animal hosts. As humans intruded into previously undisturbed ecosystems during their efforts to domesticate the land, they also intruded into virus-vector relationships that were quick to take advantage of the new animal (human) host. Hence, the number of arboviruses has increased exponentially and "new" viruses continue to emerge or reemerge into the headlines (see references 66 and 104 for discussions of emerging viruses), the most notable being yellow fever, equine encephalomyelitis, dengue, and other related hemorrhagic fever viruses.
The expansion of humans into new ecosystems has been fueled primarily by a need to develop and expand agricultural land. More often than not, the main agricultural practice has been monoculture, i.e., the planting of large acreages with a single monogenic crop. Modern agricultural techniques and practices have, in part, contributed to an explosion of newly discovered and emerging plant viruses, the most notable being the geminiviruses, closteroviruses, and tospoviruses; the last group is a plant-infecting group within the otherwise animalinfecting Bunyaviridae. Similar to the emerging animal virus diseases, many of the emerging plant virus disease problems may be the result of humans disturbing a rather stable, unobtrusive relationship between viruses, insects, and their natural plant host. The development of new agroecosystems provides opportunities for viruses and vectors to exploit the newly and widely available cultivated plant host.
Despite the notable arboviruses that are responsible for devastating and horrific human suffering and death, as well as the arthropod-vectored plant viruses that are responsible for billions of dollars in annual crop losses, the mechanisms of virus transmission by arthropods are only now beginning to be understood. There is an enormous literature describing various virus-arthropod associations. However, little is known about the molecular and cellular mechanisms that regulate the transmission processes and determine the efficiency of transmission. The advent of molecular biology and the ability to genetically manipulate viruses, plants, and now insects has fueled a resurgence in studies on the mechanisms of insect transmission of viruses. Animal virologists and medical entomologists have focused the bulk of their efforts on understanding the vector, including the genetic and physiological parameters that influence the replication, survival, and transmission of the virus. This is an appropriate focus since most the animal-infecting viruses transmitted by arthropods also infect and replicate in the arthropod vector. In contrast, most the arthropod-transmitted plant viruses do not replicate in their vectors. Therefore, research has focused more on the viral genes and gene products required for the interactions of virus and vector. Although the interactions between medical entomologists, an-imal virologists, and plant virologists studying virus transmission have been limited in the past, a number of common themes are emerging that may facilitate a more interactive approach to understanding all virus-vector interactions in the future. The purpose of this review is to describe the current state of plant virus-insect vector research and to relate findings in the plant virus world to similar findings or reports from the animal virus world. It is not meant to be a comprehensive treatment of arbovirus transmission or even plant virus transmission.
GENERAL MECHANISMS OF VIRUS TRANSMISSION
In the early years, viruses were said to be either mechanically transmitted or biologically transmitted by their arthropod vectors (33) . Mechanical transmission referred to the nonspecific transmission of viruses by single or multiple vector taxa, usually on contaminated mouthparts. The viruses were unable to replicate in the vector. Although it became clear early on that a simple "flying-pin" or "flying-needle" explanation often did not fully characterize the mechanical transmission process, the process was not considered to be a complex biological association. The mechanisms of mechanical transmission of animal viruses have not received much attention, since all of these viruses can spread between their hosts without an arthropod intermediary in nature or at least in the laboratory. Biological transmission referred to the specific association of a virus with a particular arthropod species or genus and, more important, to the fact that the virus was able to propagate within the vector. These definitions of mechanical and biological transmission came primarily from the animal virology community and are still in use today (23, 164) . Most of the animal viruses that are associated with an arthropod vector would fall into the biological-transmission category. In fact, the definition of an arbovirus would specifically preclude mechanical transmission.
Plant virologists have long recognized the "mechanical" and "biological" terms to be an inadequate representation of the mechanisms of insect transmission of plant-infecting viruses and have struggled to produce terminology that accurately reflects the many general mechanisms that apply to plant virusinsect vector associations. Much of the early work on plant virus-insect vector associations was related to timing events, e.g., acquisition and inoculation periods, retention periods, and latent periods (the time between ingestion of the virus and the ability of the insect to inoculate a host). Therefore, the terminology evolved to describe time events (for reviews, see references 64, 65, 94, 141, 163) .
Viruses were said to be nonpersistent if they were not retained by the vector for more than a few hours. Semipersistent viruses were retained for days or possibly weeks. Viruses in both these categories were acquired and inoculated within seconds or minutes, and did not require a latent period, and did not replicate in the vector. Persistent viruses, once acquired, were associated with the vector for the remainder of its life. These viruses required longer acquisition and inoculation times (hours to days) and latent periods of 1 day to several weeks.
As additional data on the mechanisms of transmission were generated, other variations of the terminology evolved. The nonpersistent and semipersistent viruses were found to specifically associate with the epicuticle that lines the stylets (mouthparts) or foreguts of their vectors, respectively, and were often referred to as stylet-borne or foregut-borne viruses. The cuticle (including the lining of the mouthparts and foregut) is shed during each molt, and therefore any acquired virus is also lost. Collectively, all of these viruses have been referred to as noncirculative. The viruses are not internalized by the vector in the sense that they do not enter the hemocoel of the vector or cross any vector cell membrane.
In contrast, successful transmission of persistent viruses requires that the ingested virus be internalized. Virus is actively transported across multiple cell membranes, is found in the hemocoel (vector body cavity), and ultimately must associate with the vector salivary system to be inoculated into a host. These viruses are now referred to as circulative viruses and can be further divided into propagative viruses, which replicate in their arthropod vector in addition to their plant hosts, and nonpropagative viruses, which replicate only in their plant hosts. The insect vector is only a conduit for the nonpropagative viruses to move between plant hosts, although very specific virus-vector interactions are required. All of the circulative viruses are retained by the vector following a molt.
All the above terms were developed for use with aphid and leafhopper vectors and are applicable to many plant viruses. Terminology problems arose, however, as additional arthropod, nematode, and especially fungal vectors (21) were discovered and virus-vector associations were studied. Watson (162) and later Hull (72) proposed a terminology including internally borne and externally borne viruses. The former would include persistent viruses, and the latter would include nonpersistent and semipersistent viruses. We suggested (58) that the use of "circulative" and "noncirculative" be retained, where "circulative" refers to viruses that are transmitted only if the virus is transported across cell membranes and carried internally within the vector body cavity or fungal cells. Noncirculative viruses do not cross vector cell membranes and are carried externally either on the vector surface (as for some fungi) or on the cuticle lining of the vector's mouthparts or foregut (as for some arthropods or nematodes). The noncirculative and circulative classification is simple and could be used for animaland plant-infecting viruses that require a vector for optimal existence in nature. There is some loss of definition and categorization, but subgroupings such as nonpersistent and semipersistent could be added if they pertain to a particular vector taxon. There would, of course, be the paradoxical virus-vector associations that do not fit easily into the proposed scheme. For example, beetle-transmitted viruses and the myirid-bugtransmitted velvet tobacco mottle virus may use both circulative and noncirculative transmission mechanisms (46, 48) .
VECTOR FEEDING: MECHANICS AND BEHAVIOR
A majority of arthropod and nematode vectors of plant viruses have a common feature: the mechanics of feeding. Their mouthparts are best described as piercing-sucking (5, 73, 125) ( Fig. 1 and 2 ). The hollow, needle-like mouthparts can penetrate the plant cell wall, either by mechanical force and/or with the help of salivary and gut enzymes. The cell membrane is easily breached by mechanical force, making the cell contents available as food. The most significant feature of this type of feeding is that it does not always irreparably damage the plant cell. This nonlethal cell feeding is critical for survival of the virus, since it must be able to replicate in the cell to which it is delivered. Plant virus genomes encode movement proteins that enable them to move to neighboring cells (24) . The fungal vectors do not have piercing-sucking mouthparts. Instead, the virus-carrying motile zoospores attach to the plant root surface, enzymatically and mechanically penetrate the cell wall and membrane, and then establish an infection within the plant cell cytoplasm (22) . At some point after gaining entrance to the host cytoplasm, virus is released by the fungus. The mecha-nisms of virus release by fungi are unknown, but again virus is inoculated into a viable cell.
The general feeding behavior of many arthropod and nematode vectors also aids in virus transmission to plants (5, 125, 148) . The acceptance or rejection of a plant host by a vector with piercing-sucking mouthparts is performed by a series of brief probes into multiple plant epidermal cells. These brief probes are sufficient to inoculate the noncirculative nonpersistent viruses. Another benefit of this type of transmission mechanism is that the plant need not be a host of the vector for the virus to establish an infection. That is, the virus and the vector do not require overlapping host ranges for the virus to be efficiently transmitted to a wide variety of plant hosts. In general, the noncirculative, nonpersistent plant viruses are not vector species specific but are vector taxon specific. For example, individual potyviruses are transmitted by numerous aphid species but are not transmitted by whiteflies or leafhoppers. These viruses have evolved a transmission strategy based on a numbers game: quantity rather than quality. A virus will associate with many vectors in the hope that a few vectors will rapidly move to and probe another plant that can serve as a host for the virus.
If brief feeding probes indicate the plant is an acceptable host or food source, the vector is likely to initiate prolonged feeding. This may occur in numerous epidermal or mesophyll cells, or, more often, the insect will seek out its preferred feeding site, the carbohydrate-rich phloem sap (Fig. 1) . Prolonged feeding allows for inoculation not only of the semipersistent, noncirculative viruses but also of the circulative viruses. These viruses have evolved a very different transmission strat-FIG. 1. Light micrograph of a longitudinal section through an aphid head and leaf as the aphid is feeding on the plant. The aphid stylet protrudes from the proboscis (A) and penetrates intracellularly through the mesophyll cells (B) and into the vascular bundle (C).
egy from the noncirculative, nonpersistent viruses. In general, they are transmitted by a single or a few vector species. The mechanisms of transmission are such that the virus associates with the vector for longer periods. This ensures that the virus survives until the vector finds a suitable host. However, since the same plant must serve as a host for both the vector and the virus, the host range of the virus is determined by the vector.
Direct inoculation of plant viruses into the plant vascular tissue is somewhat analogous to inoculation of arboviruses into the bloodstream of an animal host. Most of the arbovirus vectors feed and transmit viruses by piercing or cutting minor blood vessels and sucking up blood while injecting salivary secretions into the feeding site to prevent the blood from coagulating (37) . At the same time, viruliferous vectors are releasing saliva-associated or mouthpart-associated viruses. The question arises of why arboviruses are often efficiently mechanically transmitted by a simple mechanism of mouthpart contamination and without any appreciable vector specificity (23, 164) whereas even high-titer plant viruses are rarely or inefficiently transmitted on the contaminated mouthparts of insects (112, 120) .
This differential ability of plant-and animal-infecting viruses to be mechanically transmitted by several insect taxa may be explained by a few fundamental properties. (i) Most plant viruses do not occur in the extremely high titers required for the nonspecific mechanical transmission of animal viruses. (ii) Inoculation into the plant vasculature or "bloodstream" takes time. Plant-feeding insects with piercing-sucking mouthparts require approximately 15 to 30 min to wind their stylets between cells to reach vascular bundles (Fig. 1) . The enzymatic action of breaking down the intracellular material is likely to dislodge or inactivate any contaminating virus before it can be injected into the plant vascular system. In contrast, bloodfeeding insects locate their feeding sites very quickly. (iii) Plant viruses must be inoculated directly into a viable cell. They are unable to independently cross the cell wall or cell membrane. In contrast, arboviruses are inoculated into the bloodstream, not cells. Virus can then attach to and infect vertebrate cells independent of the vector.
There are insect vectors (mainly beetles) of plant viruses that have chewing mouthparts and a more indiscriminate feeding behavior than the piercing-sucking insects and nematodes. Inoculation of plant viruses by beetles was once considered to be a mechanical process in which either virus contaminating the mouthparts was deposited into the wound or virus in the gut was regurgitated as the beetle fed (137) . Recent work has shown this process to be extremely specific and biologically complex. The reader is referred to reference 46 for in-depth coverage of this process. Briefly, the beetle-transmitted viruses can be inoculated into a chewing wound because the virus can rapidly translocate in xylem elements away from the site of inoculation and infect cells at a distance from the feeding site. Several viruses that are not transmitted by beetles were found to be acquired by the beetles and to be present in the hemolymph as well as the gut regurgitant that is deposited into and around the wound. The nontransmissible virus was apparently inactivated at the wound site or was unable to gain entrance to a functional plant cell that was capable of sustaining a virus infection. The mechanism by which beetle-transmitted viruses infect cells at a distance from the wound is unknown.
The transmission of plant viruses is now known to be biologically complex even in situations where initially it appeared to be a simple, nonspecific mechanical inoculation. The details of many of these molecular and cellular mechanisms regulating the transmission of plant viruses are described in subsequent sections.
NONCIRCULATIVE TRANSMISSION
The noncirculative method of transmission is not widely associated with animal virus transmission, but it is the method of choice for a majority of plant viruses ( Table 1 ). All of the major insect vector taxa, including aphids, whiteflies, and leafhoppers, as well as the nematode vectors, transmit plant viruses in a noncirculative manner. The necroviruses and some other members within the Tombusviridae are carried on the external surface of soil-borne fungal vectors (22) . The fungustransmitted viruses are not considered in this review, although the classification of circulative and noncirculative would hold true in terms of membrane transport and internalization.
A Biological, Not a Mechanical Process
The noncirculative viruses transmitted by arthropod and nematode vectors can be further subdivided into semipersistent and nonpersistent viruses (17, 65, 93) . These two groups share some characteristics, but in general, semipersistent viruses tend to be associated with the foregut of the vector and are retained for several days or weeks (months or years in some cases). Transmission efficiency increases as the acquisition feeding time increases, which suggests that the virus is stably bound and accumulates until binding sites are saturated. In contrast, the nonpersistent viruses are associated with the stylets of the vector (Fig. 2) , are retained for only a few hours, and are easily lost during feeding probes. Furthermore, transmission efficiency rapidly decreases as the acquisition feeding time increases. This suggests that bound virus is easily dislodged during prolonged feeding and that subsequently ingested virus cannot be reacquired by the formerly occupied sites along the stylets.
The site of virus attachment for nonpersistent viruses was recently identified to be near the distal tip of the maxillary stylets (95, 161) . Virus could also be found in the proximal regions of the stylet and foregut (3, 161) ; however, there was no correlation between the amount of virus accumulated at these regions and transmission (124) . In contrast, virus retention in the distal region of the stylets was highly correlated with virus transmission (161) .
Three theories have been proposed for the mechanics of noncirculative transmission. (i) The stylet-borne theory, adapted from the mechanical-transmission theory of the animal virus literature, suggests that virus nonspecifically associates with or contaminates the distal tip of the stylet and is simply inoculated into the next plant as the vector begins to feed (79) . In this mechanism, the vector is essentially a "needle." (ii) Harris (64) proposed an ingestion-egestion mechanism in which transmissible virus adheres to multiple sites along the anterior alimentary canal during ingestion of plant material and is subsequently released during periods of regurgitation and salivation. In this mechanism the vector acts as a "syringe" rather than a "needle." The ingestion-egestion hypothesis offered a potential mechanism of noncirculative transmission but did not distinguish between virus transported on the stylet tips or further inside the mouthparts or foregut. (iii) Recently developed technologies have led to a third hypothesis: ingestion-salivation (95) . Virus can associate with multiple sites along the anterior alimentary canal, but the only virus to be transmitted is the virus attached to the proximal tip of the maxillary stylets, where the food and salivary canals are fused. Virus is released by the act of salivation rather than by regurgitation (Fig. 3 ). This could be viewed as a return to the "needle" analogy but not to the mechanical-transmission theory.
Whether the insect or nematode acts as a needle or a syringe is perhaps not as important as the (now irrefutable) fact that the process is not a nonspecific mechanical transfer via contaminated mouthparts but, rather, a complex and very specific biological process (123) . The most complete understanding of the mechanisms of noncirculative virus transmission comes from work on the aphid-transmitted potyviruses and caulimoviruses, both of which are nonpersistent (123) . The reader is also directed to numerous other reviews on the subject of noncirculative transmission of plant viruses by arthropods and nematodes (17, 58, 65, 72, 79, 93, 94, 141) .
Several groups of viruses, including the potyviruses and caulimoviruses, require a nonstructural, virus-encoded protein referred to as a helper component, a helper factor, or a helper (Table 1) . Purified virus fed to aphids through a Parafilm membrane sachet was not transmissible, but if aphids were a Numbers in parentheses indicate the number of viruses within the group that were reported to be transmitted by that vector divided by the total number of viruses within the group that were tested. Information was compiled from reference 18.
b -, there is information to indicate that a helper factor may be required for the transmission of some members of the group.
given access to a solution of plant sap from an infected plant (virus removed) before or along with purified virus, transmission was possible (55) . Sap from a healthy plant did not mediate the transmission of purified virus. Some viruses require another virus, referred to as a helper virus, to be transmitted (Table 1 ), but it is not known for all cases if the helper virus particle itself is required or if the helper virus simply provides a helper factor. In addition to functioning in vector transmission, helper proteins have other functions in the virus life cycle. The potyvirus helper functions in polyprotein processing, movement of the virus in its plant host, and viral genome amplification (92, 135) . The caulimovirus helper can bind microtubules and was proposed to be involved in movement of the virus in its host (13) . Although there are several hypotheses for the role of helper in virus-vector interactions (58, 123) , one is emerging as the most plausible and will be the focus of discussion here. The "bridge" hypothesis, i.e., that the helper acts to mediate the attachment of virus to the vector, was first proposed by Govier and Kassanis (55), but only recently has direct evidence been established. Ammar et al. (3) provided ultrastructural evidence that potyvirus fed to an aphid in the presence of purified helper was embedded in a matrix material associated with the epicuticle. Virus was not retained and the matrix material was absent in aphids fed on the potyvirus alone. Immunolabeling demonstrated that helper protein was associated with virus retained in the matrix. Direct evidence of virus-helper-aphid interactions came from the identification of specific domains in the potyvirus coat protein and helper component that are required for aphid transmission. The potyvirus coat protein contains a DAG amino acid motif located near the N terminus. Mutations within or adjacent to this domain prevented the binding of virus to helper in vitro (11) and were shown to render numerous potyviruses nontransmissible (11, 74, 123, 161) . Recently, Wang et al. (161) used radiolabeled virus to observe the effects of mutations in the coat protein DAG motif on the retention of virus in the stylet food canal and found that mutations in this region prevented the accumulation of virus in the stylets and prevented transmission.
The potyvirus helper factor has two characteristic amino acid motifs, a KITC box and a PTK box (123) . Natural or engineered mutations in or adjacent to these motifs rendered the virus nontransmissible by the natural vector (4, 71) . A specific mutation of the KITC sequence to EITC abolished transmission but did not affect the in vitro binding of virus to the helper (122a). Furthermore, virus was not observed in the stylets when acquired with the EITC mutant helper but was observed when acquired along with wild-type (KITC) helper (161) . These data indicate that the KITC box functions in aphid-helper interactions, specifically in retention of the virus in the stylet. Mutations in the PTK box abolished helper-virus interactions in vitro (116) . Therefore, this domain may play a role in attachment of the virus to the helper. Alternatively, mutations in this domain may prevent dimerization of the helper to the active configuration (150) . All of these results strongly support the hypothesis that the potyvirus helper acts as a bridge to bind virus to the aphid stylet.
Further evidence that indirectly supports the bridging function of helper proteins was provided by analysis of the cauliflower mosaic caulimovirus (CaMV) helper. The CaMV helper accumulated in paracrystals in the cytoplasm of infected plant cells from which active helper was solubilized (12) . The predicted structure of the CaMV helper indicates an N-terminal ␤-sheet domain and a C-terminal ␣-helix. Random structure separates the two terminal domains. The C-terminal domain mediates binding of the helper to virions in vitro. Mutations in this region abolished helper-virus binding in vitro and aphid transmission. Mutations in the N terminus also abolished aphid transmission but did not abolish the ability of the helper to bind to virions in vitro (134) . The current working model is that the C terminus of the helper protein binds to virus particles whereas the N terminus is free to bind to sites in the aphid alimentary canal and mediate or bridge the indirect association of the virus particles to the insect cuticle.
The requirement for helper has also been demonstrated or suggested for a number of other insect-and nematode-transmitted viruses carried in both a nonpersistent and semipersistent manner (Table 1) . It is unknown if the helpers for these other viruses function in a manner similar to the potyvirus and caulimovirus helpers or if the "bridge" hypothesis will apply. A common feature of all helper-mediated viruses that have been observed in their vector is that the virus particles are embed-
Model of the ingestion-salivation mechanism of noncirculative, nonpersistent transmission. Virus is ingested into the food canal (right), along with the cytoplasm. Virus adheres to the epicuticular lining of the food canal and the common duct at the very distal tip of the stylet, which is shared with the salivary canal. When the aphid first probes a cell after acquiring virus (left), saliva is injected into the cell. The watery salivary secretions will release virus from the cuticle lining the common duct, but virus farther inside the food canal would not be released by this mechanism. Reproduced from reference 95 with permission of the publisher. ded in a semiopaque matrix material associated with the epicuticle lining of the anterior alimentary canal (3, 17, 27) . The origin and composition of the matrix material are unknown.
Not all viruses transmitted in a noncirculative manner require a helper protein or helper virus (Table 1) . Purified virions of members of the alfamoviruses, carlaviruses, and cucumoviruses can be transmitted by aphids without helpers. Studies with cucumber mosaic cucumovirus have shown that transmission is regulated solely by the capsid protein (26, 118) . It is not known if these viruses are retained in similar locations in the vector to those that contain the helper-dependent viruses.
Why, if viruses can evolve a seemingly simpler capsid-mediated transmission strategy, have a majority of the noncirculative viruses evolved a helper-dependent transmission strategy? Pirone and Blanc (123) suggest that helpers may offer a method to widen the evolutionary bottleneck imposed by vector-dependent transmission. They make the point that a majority of the helper-dependent plant viruses are RNA viruses or DNA pararetroviruses. The low fidelity of RNA polymerases and the reverse transcriptase replication strategy used by the pararetroviruses are primarily responsible for the development of quasispecies, i.e., populations of viruses with a continuum of genome variants and invariably a continuum of biological properties (1, 87) . Interestingly, a majority of the arboviruses are RNA viruses or DNA retroviruses, and a similar concept of populations existing as a collection of variants has been applied to their evolution (109).
Pirone and Blanc (123) argue that helpers can mediate the transmission of not only the homologous virus particle but also those of a number of related species (86, 90, 121) ; therefore, helpers should mediate the transmission of a number of coat protein variants within a quasispecies. Similarly, a single coat protein species should be able to interact with several helper variants within a quasispecies. Therefore, mutations in either the coat protein or the helper genes that reduce the overall transmission fitness of a specific virus-helper pair may not be detrimental to the overall transmission of a quasispecies. An additional benefit is that the mutations in helper proteins may allow the variant access to a new species of vector, thereby increasing the chances of transmission out of a host and possibly into a different set of recipient hosts. The helper strategy may actually preserve the genomic diversity within a quasispecies rather than limiting the number of viable genomes. Helpers may also provide an efficient means of expanding the number of vector species that can efficiently transmit a noncirculative virus.
Clearly, we have much to learn about the mechanisms of noncirculative transmission. Semipersistent and nonpersistent viruses may share some attributes, but differences in the sites of virus retention in the vector and in the times of retention indicate major differences in release of virus, in addition to mechanisms of binding. There is little experimental data to explain how virus particles bound to the epicuticle substrate are released. The N terminus of the potyvirus coat protein which binds to the helper protein is often proteolytically cleaved in vitro without having any deleterious effect on viral infectivity (133) . Similarly, the C terminus of the nematodetransmitted tobacco rattle tobravirus (98) can be cleaved from the particle without adversely affecting viral infectivity. Interestingly, the coat protein structure changes in response to pH and the C-terminal region does not appear to be part of the structural framework of the virus (98) . It is possible that proteinases in the vector saliva or regurgitated gut secretions can act as the scissors that cut the virus particle loose.
Viruses retained at different sites in the vector are likely to be exposed to different enzymes and ionic conditions that may affect the surface structure of virions or the conformation of structural proteins. Similarly, the chemical makeup of salivary and/or digestive secretions is likely to differ among vector species or even among biotypes within a species. These differences could contribute to differences between nonpersistent and semipersistent viruses and to the differences in the specificity or transmission efficiency of vectors for the same virus.
Potential Connection to Animal Viruses
The mechanisms of noncirculative transmission described for plant viruses may also apply to animal viruses. As mentioned above, noncirculative transmission is not widely associated with animal viruses; however there are numerous reports of mechanically transmitted animal viruses (23, 151) . Equine infectious anemia virus represents an extreme for animal viruses. This virus does not infect its tabanid fly vector, but it is apparently dependent upon the fly for transmission between equine hosts (23) . Members of the Poxviridae, Herpesviridae, Papovaviridae, and Retroviridae are also mechanically transmitted by arthropods but are not totally dependent upon the vector to spread between hosts (23). There is general agreement that mechanical transmission is important in the epidemiology of numerous animal viruses (23, 151, 164) , but there also seems to be a widespread belief that mechanical transmission is a nonspecific, short-term incidental association of a virus with a blood-or wound-feeding arthropod (62, 164) . Is the mechanical transmission of animal viruses by arthropods just the result of contamination of mouthparts, or is the transmission process of some of these viruses more specifically mediated?
Myxoviruses are perhaps the best-studied "mechanically" transmitted animal viruses (reference 40 and references within). Laboratory studies indicated that there was no vector specificity, indeed not even taxonomic specificity for the myxoma virus. In addition to being transmitted by multiple arthropod species, the virus could be experimentally transmitted via pins or thorns. It is likely that the association of the myxoma virus with many vectors is a laboratory phenomenon and is not relevant to natural transmission and epidemic development. However, the virus-vector relationship may not involve strictly mechanical contamination for all the vectors of myxoma virus. The early successes of the myxomatosis epidemics in Australia, which were deliberately begun to control the rabbit host, were dependent upon several species of mosquito. Success was partly due to the behavior and ecology of the vector that placed it in close proximity to the rabbits. However, other data would argue for a more complex interaction between the virus and mosquito than the "flying-pin" model would suggest. For example, the virus was retained by several mosquito species for extended periods and multiple inoculations from a single insect were documented. Furthermore, there were differences in the efficiency of transmission by different species that were not correlated to the titer of virus imbibed. Virus was associated with the proboscis and head region but not with the body of the insect (40) . All of this is similar to the noncirculative mode of transmission of plant viruses and suggests that the association of myxoma virus with its mosquito vectors may be more than just mouthpart contamination.
It is possible, perhaps even likely, that many animal-infecting viruses have evolved vector relationships that are biological but do not include virus replication in the vector. However, the commonly used methods of testing and classifying arboviruses would not identify these viruses. Generally, viruses that are isolated from arthropods are evaluated by being injected into insects to determine if they replicate in that host and thus can be classified as arboviruses. A similar strategy for plant viruses would have identified few "arthropod-transmitted viruses." Clearly, some animal viruses are mouthpart borne, and this type of transmission is important in the epidemiology of some viruses (23) . Furthermore, animal viruses can be foregut borne, similar to the semipersistent, noncirculative plant viruses. For example, retroviruses can associate with and remain infectious in the foreguts of insects and subsequently can be transmitted to a new host after being regurgitated into the feeding site by the insect (82). This is not to say that insect transmission of retroviruses is important or common, only that noncirculative mechanisms of transmission similar to those described for insect-transmitted plant viruses, e.g., ingestion-egestion or ingestion-salivation, have been described for animal viruses. The noncirculative transmission of plant viruses is a very specific and complex biological process; perhaps the same is true for certain animal viruses. The noncirculative transmission of poxviruses may become even more important in light of recent findings that retroviruses (not normally efficiently transmitted by insects) can integrate into the poxvirus genome and can be efficiently transmitted by insects in a noncirculative manner (67) .
CIRCULATIVE TRANSMISSION
Viruses transmitted in a circulative manner must be internalized by their vector to be successfully transmitted. That is, the virus must be transported across cell membranes. Members of the furoviruses and bymoviruses are transmitted internally by the motile zoospores of soil-borne fungi (36, 76, 132) . These viruses are not discussed in this review, but by the definitions used here, they would be considered circulative viruses. All the remaining circulative plant viruses are transmitted by arthropods; there are no known circulative nematode-transmitted plant viruses ( Table 1) . As mentioned above, the circulative viruses are further divided into two subgroups, propagative viruses, i.e., those which replicate in their arthropod vectors (similar to the arboviruses) and nonpropagative viruses. The propagative viruses include members of five groups of viruses, three of which, the reoviruses, rhabdoviruses, and bunyaviruses, also have members that infect animals. There are no animal-infecting members of the tenuiviruses or marafiviruses. The nonpropagative viruses include the luteoviruses and the single-member enamovirus group. Geminiviruses are currently considered to be nonpropagative viruses, but the mechanism of transmission is undefined and they are discussed separately.
The general circulative pathway of virus movement through arthropod vectors (Fig. 4) is similar for both subgroups (and for arboviruses) and involves ingestion into the gut followed by association with and uptake by midgut or hindgut epithelial cells. Virus is then released into the hemocoel or secondarily infects other tissues. Eventually, all circulative viruses must associate with the salivary glands and be released into the salivary ducts. Once in the salivary duct, virus is free to be inoculated into plant (or animal) hosts as the insect salivates during feeding. Currently there is no evidence that saliva components contribute, negatively or positively, to the transmission of circulative plant viruses akin to the phenomenon of salivaactivated transmission (SAT) of arboviruses (110) . SAT potentiates the transmission of some arboviruses through the release of pharmacologically active substances in saliva into the bloodstream of the vertebrate host. These substances have vasodilatory (117), antihemostatic (155) , and host defense suppression (83) properties. SAT is also believed to be the underlying mechanism of "nonviremic transmission" of arboviruses between infected and uninfected vectors cofeeding in close proximity on a host that is not necessarily infected (84, 110) . We are unaware of any studies that have investigated the role of insect saliva in reducing a plant defense response and facilitating virus infection. Interestingly, Mowry (105) reported that aggregates of aphids placed on noninoculated leaves of plants previously inoculated with the circulative, nonpropagative potato leafroll luteovirus caused a significant increase in the amount of virus accumulating at the feeding site relative to the amount accumulating in aphid-free leaves on the same plant. As stated above, insect saliva is probably involved in the release of noncirculative viruses from vector mouthparts, but it would be interesting to determine if insect saliva can potentiate the transmission of circulative plant viruses by influencing the infection site in the plant.
Circulative, Nonpropagative Transmission
The luteoviruses and pea enation enamovirus (PEMV) have a common circulative pathway and biology within their aphid vectors. The members of the luteovirus group and PEMV are each efficiently transmitted by one or, at most, a few aphid species. The transmission pathway through the aphid and the biological factors contributing to the vector specificity were recently reviewed (34, 52) and are only briefly described here.
Ultrastructural studies have shown that virus is not degraded or inactivated in the gut and that entry of virus into the hemocoel occurs through either the midgut (45) or hindgut (50) epithelial cells by endocytosis (Fig. 5) . Virus is transported through the cytoplasm in vesicles that ultimately fuse with the basal plasmalemma, and particles are released into the space between the membrane and the basal lamina. Virus apparently moves rapidly across the basal lamina and into the hemocoel. In most virus isolate-aphid species combinations studied, virus was acquired in the hemocoel regardless of whether the aphid was a vector of that particular virus isolate (51) . The gut does not appear to be a major barrier to luteovirus acquisition, although the process is specific for luteoviruses. Other morphologically similar viruses were observed in high concentrations in the gut lumen but were not acquired in the hemocoel (51) .
Luteoviruses are able to survive in the aphid hemolymph despite potential insect immune responses that may be capable of neutralizing the invading virus. Potential mechanisms for this evasion are discussed below, but similar to the gut barrier, these mechanisms appear general to all luteoviruses and do not contribute to vector-specific transmission (156) .
The salivary glands in aphids consist of two principal glands and two accessory salivary glands (ASG) (126) . Luteoviruses and PEMV associate exclusively with the ASG and more specifically with the anterior portion of these four-celled glands (52) . The ASG produce a watery secretion, containing few or no enzymes, that is thought to be involved in deposition of the stylet sheath during feeding (126) . The highly invaginated apical plasmalemma of ASG cells suggests a rapid transport of water and ions, which would be consistent with the suggestions that the ASG function as an excretory organ and play a role in the removal of waxy material originating from degenerating fat cells in the hemolymph (126) . The salivary glands of ticks have also been found to play a role in removal of foreign substances from hemolymph and may be part of the tick self-defense system (159) . It is possible that luteoviruses have evolved to take advantage of specific excretory pathways to access the salivary ducts. Ultrastructural evidence indicates that the pathway of luteovirus through the ASG (Fig. 6 and 7 ) is similar to mechanisms used to cross the hindgut. An inability of luteovirus isolates to penetrate the ASG of nonvector aphids has long been known to contribute to vector specificity (130) . Recently it was shown that the basal lamina and the basal plasmalemma function as independent barriers to transmission in different luteovirus isolate-aphid species combinations (Fig. 7) (51, 54a,  115 ). The two ASG-associated barriers and the hindgut barrier can function as the primary barrier of transmission for the same virus in different aphid species or in the same aphid for different virus isolates. This indicates that different membrane attachment sites (receptors) and different virus attachment protein domains are used at each transmission barrier by different virus isolate-aphid species combinations.
The luteovirus-and PEMV-encoded proteins involved in aphid transmission have been studied, and the two virus groups share some features at the molecular level. The luteoviruses are currently divided into three taxonomic subgroups based on differences in genome organization, and all three are different from the bipartite PEMV. However, the luteoviruses all share a conserved arrangement of three open reading frames, two of which encode the structural proteins (102) . The virus capsid contains a predominant coat protein (ca. 22 to 24 kDa) and a minor amount of a larger protein translated via a readthrough of the coat protein stop codon. The full-length luteovirus readthrough protein is ca. 72 to 74 kDa, but the carboxylterminal portion of the readthrough domain is proteolytically processed to yield a 55-to 58-kDa readthrough protein commonly associated with purified virus preparations (14, 42, 77, 160) . It is not known if this type of processing actually occurs in vivo. Purified virus and virus produced from cloned cDNA copies of the virus that do not translate the carboxyl terminus of the readthrough domain are transmissible (19, 58a, 160) . These findings indicated that the carboxyl-terminal portion of the readthrough domain was not required for aphid transmission and also that there is no requirement for a nonstructural helper in the transmission process. The PEMV readthrough protein is inherently smaller than its luteovirus counterpart and does not undergo further processing (35) .
The readthrough protein was not required for particle assembly or plant infection (35, 42, 129) , but particles containing only the 22-to 24-kDa coat protein were no longer transmissible by aphids to plants (14, 25, 35, 156) . This led to the widespread assumption that readthrough protein was responsible for the aphid transmission phenotype. However, virions without readthrough protein ingested by aphids were detected in the hemolymph, indicating that the coat protein contained all the determinants for uptake of the virus through the hindgut (25) . There are a number of highly conserved domains in the coat proteins of all luteoviruses that are likely candidates for mediating virus attachment and transport through the aphid gut. This theory of a common virus sequence mediating gut uptake is consistent with the above-mentioned biological data that the hindgut does not contribute significantly to vectorspecific transmission of luteoviruses. A detailed mutational analysis of the coat protein is needed to validate this hypothesis.
Luteovirus coat protein genes without the corresponding readthrough sequences have been expressed in insect cells by using a baculovirus vector, and virus-like particles (VLP) were observed (85) . The readthrough-minus VLP were purified and either fed to aphids through a Parafilm membrane sachet or injected directly into the hemocoel. Ultrastructural examination of the aphids revealed the ingested particles were acquired through the gut into the hemocoel, and, surprisingly, VLP were observed in the accessory salivary gland cells and in the salivary ducts (54) . These results are consistent with earlier studies showing that readthrough was not required for acquisition through the gut but contrasted with the hypothesis that readthrough determined vector specificity by regulating the transport of virus through the accessory salivary gland. What, then, is the function, if any, of the readthrough domain in the aphid transmission process?
It has long been assumed that the only barriers to luteovirus transmission were the tissue-associated membranes, e.g., the hindgut and accessory salivary gland. However, one potentially important aspect of the vector has been neglected in the search for aphid-virus interactions: the insect immune system. The effect of insect immune systems on parasite infection and transmission has received widespread attention (61, 97) , but the effect on virus infection has not been as widely studied (106) . The immune system of aphids has received little attention. Aphid hemolymph was reported to be void of hemocytes (126) , but it is unknown if this is a general phenomenon for all aphids. Other types of defenses, such as humeral encapsulation (158) or the production of defense-related proteins such as interferon (29, 106) , may exist. These types of defense systems are active in many insects (60), including Homopterans. How, then, are luteoviruses or PEMV able to survive for extended periods in the aphid hemolymph, an environment shown to be hostile to insect pathogens and parasites? The answer may be related to the readthrough protein.
Aphids harbor endosymbiotic bacteria of the genus Buchnera in specialized cells located in the abdomen, called mycetocytes (126) . Neither the aphids nor the bacteria are able to VOL. 63, 1999 ARTHROPOD TRANSMISSION OF VIRUSES 137 on February 21, 2013 by PENN STATE UNIV http://mmbr.asm.org/ Downloaded from survive and reproduce without the other. Not all the benefits that the bacteria provide for the aphid are known, but one function is to provide essential amino acids that the aphid is unable to synthesize (7) . In addition, the bacteria produce copious amounts of a chaperonin protein named symbionin, a homologue of the Escherichia coli GroEL protein (7, 41) . The role of this protein in aphid metabolism is unknown, but the chaperonin class of proteins generally functions in protein folding, translocation across membranes, and recovery from stress. Symbionin is produced and stored exclusively in the mycetocytes and is unlikely to be exported into the aphid hemolymph (43) . The reported detection of symbionin in hemolymph (157) is most probably due to the degradation of the endosymbionts and mycetocytes as the aphid reaches maturity (7, 126) . Interestingly, symbionin has been shown to bind to purified luteoviruses in vitro or to a recombinant luteovirus readthrough polypeptide (41, 68, 156, 157) . When aphids were cured of endosymbionts by treatment with antibiotic, their ability to transmit virus was significantly reduced and the amount of coat protein detected in the aphid was diminished. Strangely, the amount of readthrough was not affected (68, 157) . The results of these experiments must be interpreted carefully. The destruction of the endosymbionts is likely to have dramatic effects on the metabolism and physiology of the aphids, and these changes may be directly or indirectly responsible for the effects on luteovirus protein detection and virus transmission.
Recently, six luteoviruses and the related PEMV were all shown to bind specifically but differentially to E. coli GroEL and symbionin homologues from vector and nonvector aphids (156) . The binding capacity was not correlated with transmission ability or efficiency, suggesting that if symbionin plays a role in transmission, it does not play a role in vector specificity. Furthermore, an analysis of the ability of a series of readthrough deletion mutants to bind symbionin in vitro indicated that the amino-terminal portion of the readthrough domain contained the determinants for symbionin binding. Finally, virions that did not contain readthrough protein and did not bind symbionin in vitro were less persistent in the aphid hemolymph than was wild-type virus. These studies provide convincing data that symbionin can interact specifically with luteoviruses and PEMV in the aphid hemolymph and can slow the degradation of virus. The mechanisms of degradation of virus in the hemolymph are unknown, and it is unknown if the attachment of symbionin to the virus protects the virus from targeting by the aphid immune system or, alternatively, if it facilitates virus movement into the accessory salivary gland.
The circulative, nonpropagative plant viruses have evolved several mechanisms to utilize insect cell membrane functions and to interact with the products of the aphid endosymbionts. Why develop such a complex and nonproductive association with the vector? The virus must maintain a number of defenses and tricks to move through various membranes and survive in several hostile environments. The virus does prolong its association with a vector, but it does not replicate and is constantly fighting a losing battle to remain viable in a hostile vehicle of transport. The luteoviruses and geminiviruses are phloem restricted and must be inoculated directly into phloem tissues to cause an infection. Aphids, whiteflies, leafhoppers, and planthoppers, the vectors of these viruses, are all phloem feeders. It takes time for the insects to reach the phloem, and they will feed on the phloem only if the plant is a host of the insect. Therefore, to ensure their long-term survival and maximize their chances of moving between host plants, these viruses have evolved a transmission strategy that requires that they have a long term relationship with the vector. Furthermore, this type of transmission means that the vector will determine the host range of the virus, since the virus will be inoculated into phloem tissues only if the plant is a host of the vector. The ability of the virus to survive for extended periods without replicating in the vector and being pathogenic to the vector is good for the vector, although long-term survival of a nonreplicating virus in the potentially hostile environment of a vector does not appear to be advantageous to the virus.
Luteoviruses, PEMV, and geminiviruses appear to have used reassortment as a driving force in their evolution (15, 49, 96) . The various luteovirus subgroups have ties to different virus supergroups relative to their replication, but they all have acquired and retained a conserved arrangement of structural and movement proteins.
Perhaps these viruses have not yet been able to acquire the genes that would allow them to replicate in their insect vector. Alternatively, they may be evolutionarily undecided whether to ultimately pursue a noncirculative mode of transmission or a circulative propagative mode. For example, PEMV is a bipartite virus; RNA 1 is luteovirus-like and, as discussed above, contains the genes encoding the transmission-associated structural proteins. This virus has acquired a second RNA which, in addition to other functions, has allowed the virus to escape its phloem limitation. It can be acquired from and inoculated into epidermal cells, a feature that allows it to be inoculated, perhaps even acquired, by aphids during brief feeding probes. This could lead to a broader host range of the virus, since it is not completely dependent upon the vector to determine its host range. Perhaps the virus will ultimately acquire a helper or a new capsid that will allow it to associate with the mouthparts of its aphid vectors and become noncirculative. One member of the geminiviruses may be moving in the opposite direction, toward becoming propagative in its vector (see below).
Geminivirus transmission. Geminiviruses are single-stranded circular DNA viruses that have been divided into three taxonomic groups or genera ( Table 1 ). The viruses within the monogeminivirus and hybrigeminivirus genera are each transmitted by a different species of leafhopper or treehopper. Viruses within the bigeminivirus genera are all transmitted by whiteflies, although there is likely to be more than one mechanism of transmission. The coat protein has been shown to be the sole determinant of transmission of some whitefly-borne viruses (113), a property that was recently mapped to the N terminus of the coat protein of abutilon mosaic bigeminivirus (166) . The coat protein was also shown to be the sole deter- minant of whether a geminivirus is transmitted by a whitefly or a leafhopper (16) . However, the coat protein does not solely determine the transmission phenotype of all geminiviruses. Recently the genomic analysis of another whitefly-transmitted bigeminivirus, tomato golden mosaic virus, indicated that although the coat protein was required for acquisition of the virus, both genomic components (DNA A and DNA B) were required for transmission. DNA B was essential for the accumulation of virus in the whitefly, while DNA A was required for the successful inoculation of plants by viruliferous insects (88) .
The transmission of all geminiviruses has been classified as circulative and nonpropagative. Virus has been observed in the gut epithelial cells and associated with salivary glands of whitefly vectors, and it is assumed to follow a similar circulative strategy as the aphid-transmitted luteoviruses, although no detailed ultrastructural studies have been published (30) . Whiteflies also possess endosymbionts (31), but it is not known if they produce a symbionin homologue, nor has the ability of geminiviruses to bind any of the characterized symbionin homologues been reported.
Several lines of evidence, in addition to the nonstructural gene requirement for transmission (88) , suggest that some whiteflytransmitted geminiviruses have evolved interesting twists that may indicate a more complex transmission pathway than that of luteoviruses. Studies to determine virus titers over time in the insects have not conclusively shown an increase that would suggest virus replication, but the viral DNA does persist in the insect longer than its infectivity would suggest (20, 30, 131) . No replicative forms of the viral DNA have been detected within the insect, which argues against the replication of virus in the insect. However, squash leaf curl virus was observed in several whitefly tissues, and the presence of virus was associated with cytopathological abnormalities in some tissues (119) . Furthermore, the presence of the virus in the insect can have detrimental effects on the biology and reproduction of the vector (131) . Both of these observations would suggest virus replication. No cytopathological or deleterious reproductive effects have been documented for aphids fed on luteovirus-infected plants.
Another interesting twist is the recent finding that a monopartite isolate of the tomato yellow leaf curl virus is transmitted transovarily in its whitefly vector (47) . Although this is in contrast to previously published reports (30) , the data are convincing that this tomato yellow leaf curl virus isolate can be transovarily passaged. One criterion for the classification as a nonpropagative, circulative plant virus is an inability to be transovarily transmitted (65) , since this type of vertical transmission usually indicates that the virus is replicating in the vector. Geminiviruses may have evolved a mechanism to cross the transovarial transmission barriers without replicating in that tissue, or perhaps there is some low level of infection of reproductive tissues. A potential paradox (if the geminiviruses are found to replicate in their vectors) is that the complete genome organizations of the various groups of geminiviruses are known and specific and required functions in the plant infection process have been assigned to all genes and gene products. Therefore, the same genes would have to function in virus replication within both plant and insect hosts, although presumably any host components required by the virus would be different.
Circulative, Propagative Transmission
The plant-infecting viruses within the circulative, propagative classification (Table 1) are those most closely related to FIG. 6 . Model of the interactions of luteoviruses with the ASG of aphid vector species. Three types of interactions were observed when virions of the MAV isolate of barley yellow dwarf virus were acquired by aphids that fed on infected plants or were injected with purified virions into the hemocole. In the first type of interaction, MAV virions had no affinity for the salivary basal lamina (BL) of specific aphid species and did not attach to or penetrate the basal lamina (A, nonpenetrating, nontransmitted virions). In other species, MAV virions did exhibit affinity for the salivary basal lamina and were able to attach to and, in some cases, penetrate the basal lamina. However, these virions were unable to initiate endocytosis at the basal plasmalemma (BPL) and were not transmitted (B, penetrating, nontransmitted virions). In the third type of interaction, virions consistently penetrated the basal lamina (step 1), were aggregated in plasmalemma invaginations (PLI), and were endocytosed into the cell by coated-pit formation (step 2). Virions acquired in the cytoplasm accumulated at the apical end of the cell in tubular vesicles (step 3). Individual virions budded from the tubular vesicles by coated-pit formation (step 4) and were transported to the salivary canal (Cn) in coated vesicles (step 5) that fused to the apical plasmalemma (APL), releasing the virion into the canal lumen (step 6). Transcytosed virions were then able to move into the salivary duct (SD) (C, penetrating-transmitted virions; TV, tubular vesicle; CP, coated pit; CV, coated vesicle). Reproduced from reference 54a with permission of the publisher. the arboviruses; indeed three of the five taxonomic groups considered here have animal-infecting members: rhabdoviruses, reoviruses, and bunyaviruses. The plant viruses within these groups could be considered plant-infecting arboviruses or phytoarboviruses (165) . It is odd, however, that the arboviruses and phytoarboviruses are classified as vertebrate-infecting and plant-infecting viruses, respectively, rather than both being classified as invertebrate viruses. The arthropod host is more important in the evolution and survival of the virus because it will exert a greater selection pressure (109) . The virus must evolve and maintain the ability to infect and survive in the arthropod, an accomplishment that requires the virus to surmount a number of barriers not present in the vertebrate host (see "Vector competence"). Furthermore, most of these viruses do not have a pronounced deleterious effect on their arthropod host and they depend on the arthropod host for long-term survival. In contrast, the animal or plant host is often a temporary host that serves only as a high-titer source to allow the efficient infection of more arthropod hosts (109, 164) . There are, of course, exceptions to this general trend. Several arboviruses and phytoarboviruses adversely affect the longevity and fecundity of their vectors, while others are avirulent in their plant or vertebrate host (references 2, 109, and 164 and references within).
Until recently, the phytoarboviruses had not received a great deal of attention. With few notable exceptions, such as the tomato spotted wilt tospovirus, many of these viruses are not economically important. Their genomes tend to be relatively large and complex, and most have remained recalcitrant to analyses by many of the modern molecular biology techniques. In addition, it has been difficult to generate sufficient numbers of stable mutants with phenotypes related to vector transmission. Although these problems have also plagued arbovirus research, it has benefited tremendously from the establishment of cultured vector cell lines (101) and the ability to conduct detailed genetic studies on vector populations (144, 164) . Both of these research strategies have been difficult to develop and apply to the insect vectors of the phytoarboviruses.
Vector competence. The individual arboviruses and phytoarboviruses tend to be transmitted by only one or a limited number of closely related vector species. Furthermore, intraspecific variation in susceptibility and the ability to transmit virus has been reported for populations of vectors of numerous viruses (69, 70, 109, 146, 149) . Consequently, much of the research on transmission has investigated the vector specificity of these viruses. The general pathway through the arthropod is similar for all these viruses. Virus is imbibed along with the plant sap or the bloodmeal. It then attaches to and infects midgut cells, usually reaching high titers in these tissues. It is released into the hemocoel and secondarily infects other tissues, including reproductive tissues, from which it can spread vertically to offspring. Horizontal transmission to other plant or animal hosts occurs following infection of salivary tissues and subsequent release of infectious virus in the salivary secretions that are injected into the host during feeding.
Vector competence (ability to transmit) is determined not only by the ability of the virus to infect the tissues of the vector but also by the ability of the virus to successfully enter and exit the critical tissues. Extensive studies have been done to identify the cellular barriers to transmission, and Ammar (2) has provided an excellent and comprehensive review of this topic for both phytoarboviruses and arboviruses. The barriers include the midgut infection barrier, which was first demonstrated for eastern equine encephalomyelitis alphavirus (99) and has subsequently been demonstrated for other animal-and plant-infecting viruses. An active midgut infection barrier will effectively render the arthropod immune to the virus. This barrier was once considered the reason why many potential vectors were not capable of virus transmission. However, there were several viruses that were able to infect a potential vector but were not transmitted. Hardy et al. (63) first reported the existence of two other barriers that could explain this phenomenon, a midgut escape barrier and a salivary gland infection barrier. A midgut escape barrier has been demonstrated for tomato spotted wilt tospovirus (Bunyaviradae) in the adult stage of the thrips vector. The virus must be acquired by the larval thrips to be transmitted. Virus can infect and replicate in midgut cells of both larval and adult thrips but can disseminate only from larval midgut cells into other thrips tissues (153) . The wound tumor reovirus (57) and sowthistle yellow vein rhabdovirus (9), both phytoarboviruses, were able to invade and replicate in several tissues of their leafhopper or aphid vectors, respectively. However, in nontransmitting individuals, the viruses were not associated with the salivary glands. This suggests the existence of a salivary gland infection barrier but does not rule out the possibility that the virus is not able to survive in the hemolymph or hemolymph-associated cells that would come in contact with the salivary glands. There is also a salivary gland escape barrier, which has been demonstrated for some arboviruses in their mosquito vectors (59) , but this has not been demonstrated for any phytoarbovirus. The phenomenon of saliva-activated transmission (110) appears to be yet another potential barrier to the successful transmission of some arboviruses, but it has not been investigated for phytoarboviruses. The successful transmission of any of these viruses requires the virus to run the gauntlet of potential barriers, each of which have been shown to be active in some virus-vector combination. Similar to the situation described above for the circulative, nonpropagative luteoviruses, the specific barrier may differ for any combination of virus and vector and no generalities seem to be applicable.
The molecular and physiological basis for virus-vector interactions that regulate transmission are not well understood, but it is clear that genetic elements within both the virus and the vector ultimately decide if a particular species or individual within a species of arthropod is able to be a vector for a particular virus strain. Environmental or abiotic factors also play a role in determining virus-vector interactions, but in general these factors seem to influence the efficiency of the interaction rather than to determine the ability of the interaction to take place (164) .
The genetics of vector competence are receiving widespread attention, and results have begun to change the central dogma that all individuals within a vector species are potential vectors. A more enlightened concept states that populations within a species will differ in their ability to be efficient vectors for certain viruses (144) . Intraspecific variation in vector capacity is not unique to arboviruses; it has long been known for vectors that transmit plant viruses by all of the mechanisms described thus far (138) . Understanding why a vector is a vector and developing the tools to rapidly and accurately identify potential vectors is important for understanding the epidemiology of a virus and for developing control measures. Viruses are extremely difficult, if not impossible, to control once they have infected a susceptible animal or plant host. Current strategies for virus disease control are usually aimed at protecting the host, e.g., vaccines in animal hosts or pathogen-derived resistance strategies in plant hosts (89, 114) , but a more direct strategy would be to prevent the infection of the arthropod host and/or transmission of the virus.
Arbovirologists and medical entomologists have begun to develop systems to investigate the genetics of vector popula-tions and have begun to develop the tools to allow the molecular mapping of elements that differ between individuals that are able to efficiently transmit viruses and individuals that are refractive to virus infection or transmission (144) . In contrast to the simple monogenic control of vector susceptibility to malaria parasites or filarial infection, the competence of viral vectors appears to be a complex multigenic phenomenon in several instances (144, 147) . However, a single locus that controls the susceptibility of Culicoides variipennis to bluetongue virus was identified (143) . The inability of a strain of Aedes aegypti to transmit several flaviviruses was also found to be regulated by a single gene or set of closely linked genes (100) . Similarly, the ability of rice hoja blanca tenuivirus to replicate in its planthopper host, Sagosodes oryzicola, is controlled by a single recessive gene (168) .
Genetic maps are being constructed for several insect species that are the principal vectors of several important human and animal viruses (144) . In addition, techniques are advancing so that the stable transformation of insects with foreign genes is now possible (75, 80) . Analogous systems are beginning to be developed for the insect vectors of the phytoarboviruses. The routine generation of sexual forms and the sexual crossing of many important aphid vector species have been accomplished in several laboratories, and genetic polymorphisms are being identified (10, 136, 152) . One of the problems in the analysis and mapping of genetic traits in insects such as mosquitoes has been in the relatively small amount of DNA that can be extracted from an insect for analysis. Aphids may offer a solution to this problem, since they reproduce parthenogenetically unless environmental factors induce a switch to sexual reproduction. The clonal propagation of aphids provides a limitless supply of identical individuals for genetic and biological study. Furthermore, the long-term stability of virus transmission phenotypes of clonal populations has been established (127). Although the genetic mechanisms regulating vector competence for arboviruses and phytoarboviruses remains largely unknown, modern molecular technologies are likely to allow for the identification of these genetic elements in the future. Similar technologies have been well developed and are very successful in the identification of genes and assignment of gene function in plants and animals.
Virus competence. The genetics of virus transmission by vectors is not controlled solely by the vector; the virus also contributes to the overall process (58, 122) . The current knowledge of virus genetics in relation to noncirculative transmission and circulative, nonpropagative transmission was described earlier in this review. Limited progress has been made in understanding the phytoarbovirus genes and gene products that influence vector transmission. A lack of stable cell lines from insect vector species and a difficulty in developing stable mutants with a transmission-deficient phenotype have contributed to the slow progress.
The establishment of continuous mosquito cell lines (56) has greatly facilitated our knowledge of arbovirus-vector interactions. The cell lines have allowed the study of virus entry into and release from insect cells and of virus replication and gene expression in insect cells relative to their animal host counterpart (101) . It has been difficult to establish stable cell lines for many of the important phytoarbovirus vectors (32 (107) . These successes, coupled with recent progress on the molecular biology of several reoviruses and the tospoviruses, is likely to allow significant progress to be made in the future in understanding how these viruses can infect their insect hosts.
Despite an absence of vector cell lines, progress on the identification of virus genes whose function is related to transmission has been made by studying virus associations with whole insects. Total-protein extracts from whole thrips or from thrips gut tissue were separated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis and subsequently probed with tomato spotted wilt bunyavirus or its glycoproteins in a gel overlay assay. Two independent laboratories identified two different thrips proteins, one of which was associated with midgut tissues (6) . The tissue association of the other was not determined (81) . The animal-infecting LaCrosse bunyavirus glycoproteins have long been implicated in vector transmission (8) , and recently it was shown that the GP1 interacts with both mosquito and vertebrate cells in culture but not with mosquito gut cells in vivo. GP2 binds only to mosquito cells. Both glycoproteins are most probably involved in cell attachment and virus entry (91) .
Studies on whole, virus-infected insects have also identified differences in viral RNA and protein accumulation between the plant and insect hosts. Falk et al. (39) identified a nonstructural protein of maize stripe tenuivirus that accumulated in maize but not in the leafhopper vector. Similar results were recently reported for the related rice grassy stunt tenuivirus in rice and its leafhopper host (103) . The function of the nonstructural protein is unknown. Perhaps it serves as a plant virus movement protein or aids in the initial uptake of virus by the vector but does not subsequently need to be produced by the vector. In contrast to the aforementioned studies, the RNAs encoding the two maize stripe tenuivirus glycoproteins are abundant in both insect and plant host cells (38) . It is not known if the proteins accumulate to similar levels or are required for infection of both hosts, but they are integral membrane proteins and, by analogy to other viruses (91) , are assumed to be involved in insect cell membrane attachment. All serologically detectable rice dwarf reovirus proteins are also present in both insect and plant hosts (140) . Similar findings of no qualitative differences in viral RNAs or proteins have been reported for the alphaviruses (101, 139) . However, posttranslational processing of viral proteins differed in mosquito and vertebrate hosts. Differences in glycosylation pathways in mos- quito cells and vertebrate cells resulted in differences in attached oligosaccharides and subsequent differences in proteolytic cleavage. These differences do not appear to alter transport of the protein but apparently affect budding of the virions through cell membranes (101, 139) . In addition, differences in methylation and RNA-capping pathways in invertebrate and vertebrate cells apparently affect alphavirus replication and accumulation rates (139) . These fundamental differences are likely to contribute to the distinct differences in pathologic findings induced by alphaviruses in mosquito and vertebrate cell cultures (78) .
Another major problem in developing an understanding of phytoarbovirus-vector interactions has been in the development or identification of stable mutants that have altered vector transmission phenotypes. The viruses have all remained recalcitrant to manipulation by many of the modern molecular biology techniques. Infectious DNA clones have not been produced, and therefore neither a directed mutational strategy nor a reverse genetic approach to identifying gene function is possible. A limited number of transmission mutants have been obtained by repeated mechanical inoculation of plant hosts without going through the insect host. A strain of the rice dwarf reovirus maintained for 12 years in vegetatively propagated rice plants lost the P2 outer capsid protein. The genomic sequence encoding P2 was present in the rice dwarf reovirusinfected plants, but a point mutation that introduced a termination codon in the open reading frame prevented translation of the protein. The P2 protein was not required for infection of the plant host, but the lack of P2 protein did prevent infection of the insect host, perhaps due to an inability of the virus to attach to the vector cells (111, 167) . Consequently the virus was not transmitted by the insects to plants.
Vegetative propagation of wound tumor reovirus-infected plants also resulted in leafhopper transmission-defective virus isolates. This was later found to result from the generation of defective RNAs of 4 of the 12 genomic segments. These defective viruses were not able to infect leafhopper vector cells but were able to maintain a near-wild-type infection of the plant host (108) . Presumably all of the virus functions necessary to infect the plant host were contained on the eight remaining genomic segments whereas one or more of the four defective segments provided as yet undefined functions specific for infection of the insect host. The data generated thus far points to the conclusion that outer capsid proteins of the phytoarboviruses are, as would be predicted, involved in the infection of insect cells, i.e., attachment proteins. These would not be necessary for plant hosts due to the cell wall, which, along with the cell membrane, must be breached by the insect vector stylet.
There are very few references to the continued serial passage of phytoarboviruses in their insect vector. Sonchus yellow vein rhabdovirus was mechanically passaged by injecting virus into the hemocoel of aphid vectors. Continuous serial passage did give rise to virus isolates that were difficult to transmit to plants and also were more pathogenic to the vector (142) . The reasons for the low probability of transmission were not determined and might have been associated with a deficiency in systemic plant infection or an inability to move through all the transmission barriers in the aphid.
The technique of mechanically passaging the virus in either the insect or plant host is apparently useful in the generation of mutants. With the advances in technologies that now allow further characterization of such mutants, there should be advances in our understanding of virus-vector interactions despite the difficulties with vector cell cultures and a lack of infectious clones of the viruses.
FUTURE DIRECTIONS AND CHALLENGES
Except for the phytoarboviruses and a few other notable examples, genetic analysis of viral gene expression and function is currently possible and is progressing rapidly. We will soon know which viral genes and gene products are required for vector transmission, but for the most part we will not understand their exact role. The challenges ahead lie in our ability to understand the interactions of the viruses inside the arthropod (or other) vector and to determine what genetic factors the vector contributes to the overall transmission process. The obstacle for most researchers studying virus transmission involves the present inability to get inside the vector and observe what is going on. New technologies must be and are being developed (e.g., transformation of insects and genetic manipulation of aphids). The sensitivity and detection limits of existing technologies are being improved (e.g., detection and visualization of potyvirus particles on aphid stylets, or the association of symbionin with luteovirus readthrough proteins). However, roadblocks are ever present. For example, it is likely that virus particles undergo conformational changes in their vectors as they are exposed to various environments within the gut, hemocole, or salivary system. These changes are likely to be critical for certain aspects of virus-vector interactions and the virus transmission process. The presence of relatively few virus particles in relatively few vector cells or on a small area of vector cuticle presents a problem for analysis of biological interactions. The production of continuous vector cell lines may provide the tools to answer some of these questions for researchers studying phytoarboviruses, but it will not provide definitive experimental systems for those studying viruses which do not replicate in their vectors.
Insect vectors cannot always be controlled by chemical means, and with the increasing sensitivity to the environment and the loss of many chemical control measures, vector control is not at present a long-term option. Protective measures of vector control are not really even an option for many of the nonpersistent plant viruses or perhaps even the mechanically transmitted animal viruses, since the infection process is too quick. Understanding the mechanisms of virus transmission is the key to developing effective strategies to block virus-vector interactions. If the virus can no longer be transmitted or even if the efficiency of transmission can be reduced to manageable levels, the disease will be less of a problem. The answer surely lies in our ability to render the host immune to infection or in our ability to control the transmission process. Genetic engineering and plant breeding have produced many virus-resistant plants, but immunity is the exception rather than the rule, and therefore genetically engineered resistance may not be the silver bullet that will solve all the problems. Our ability to control virus transmission is dependent upon our ability to first understand the transmission process and to effectively predict steps in the process that are vulnerable to intervention. Arthropod-borne viruses are likely to continue to emerge or reemerge and become more, rather than less, problematic. Success will depend on the continued integration of the expertise of animal and plant virologists along with entomologists, molecular biologists and geneticists.
